Introduction
These maps describe the sediments and sedimentary environment of the southwestern Puerto Rico shelf. In addition to presenting new data, the maps summarize earlier geological investigations. There are two morphological zones separated along a line extending southward from Punta Jorobado. The Parguera shelf extends from this line to the western boundary of the study area, and the Guanica shelf extends from Punta Jorobado to the eastern study limit ( fig. 1 ). The age and character of the underlying limestone bedrock, the depositional environment, the history of subaerial erosion, and the intensity of modern physical processes differ in each of these shelf areas. However, the bedrock surface of both the Parguera and Guanica shelves is primarily karst; the limestone surface was modified by reef growth and sediment deposition after the last glacial lowstand. Although several anticlines and faults ( fig. 2 ) that trend parallel to the shoreline have been mapped on the adjacent land areas Volckmann, 1984 no evidence was found to suggest major structural features on the shelf. and Almy and Carrion-Torres 1963 provided a general description of the reefs at Parguera. Several biological investigations include descriptions of individual reef areas: Rogers, 1977 Glynn, 1973 Boulon, 1980 Armstrong, 1981 and Matta. 1981 Bathymetry Bathymetry (fig. 3a, 3b and 3c ) was mapped at 2-meter intervals using data from NOAA-NOS charts. The Parguera insular shelf forms a distinct unit. The modem bathymetry and sediment patterns are different east and west ( fig. 4 ) of this area, and the morphology of the Pleistocene erosional surface here differs from that of the Guanica area. More than 10,000 years ago, when sea level was lower and the limestone surface of the Parguera shelf was exposed ( fig. 5 ) to subaerial erosion, a karst surface developed. The average water depth of the Parguera shelf is 18 to 20 m, but the depth increases slightly on the western outer shelf. The shelf width varies from 6 to 10 km. The Parguera shelf can be divided into three areas according to wave-energy environments: an outer shelf, a middle shelf, and an inner shelf. Morelock and others, 1977 Both the outer and middle shelves are 18 to 20 m deep; the inner shelf is a shallow, lagoon like area less than 6 m deep. A terrace-like band of reefs separates the inner and middle shelf areas ( fig. 6a and 6b). The middle shelf is characterized by irregular and complex physiography. Submerged reefs, which lie within 4 to 10 m of the water surface, and more than 15 emergent reefs, which break the surface and have a reef crest, are present. The easterly alignment of reefs between the middle and outer shelves provides a wave-reducing baffle that decreases the wave energy reaching the middle shelf. The outer shelf has an irregular bathymetry, caused by the karst bedrock surface on which there was subsequent reef growth and sediment deposition. All of the outer shelf patch reefs and the submerged shelf-edge reef that collectively mark the shelf margin have tops that are below 8 m of water depth. Bottom relief has been modified by carbonate deposition. The outer shelf has two broad depressions: the Turrumote basin, an erosional feature of a lower sea level that has only been partially filled by sediment, and the Margarita basin, which is part of the general deepening of the shelf toward the west. It also contains Turrumote ridge, which is a submerged topographic high between the basin and the reef line. The insular shelf edge in the Parguera area is marked by an almost continuous, submerged reef that forms a double ridge along most of its length. Similar double and single reef ridges have been described at Ponce, P.R. Beach, 1975 and in the Lesser Antilles. Macintyre, 1972 The inner ridge is a platform surface 14 to 18 m below sea level; the narrower outer ridge crests at 16 to 22 m below sea level. The valley between the ridges ranges from 20 to 35 m deep and has a relief of 4 to 15 m; the valley deepens westward. The cause, development, and age of the double reef system are not known, but it is clear that this submerged coral reef was developed on an erosional surface when sea level was lower . Purdy 1974a . Purdy , 1974b suggested that a peripheral rim may have developed along the shelf edge during periods of subaerial erosion. The valley bathymetry between the ridges is discontinuous and has channels that cut across the outer ridge ( fig. 7 ). This strongly suggests that erosional drainage processes were active during the development of the karst surface and that resulting landforms were subsequently enlarged by reef growth after submergence. The width of the Guanica shelf ( fig.  1 ) is only 3 to 4 km, and water depths average 12 m. With the exception of the Guanica submarine canyon, the shelf relief here is more uniform than on the Parguera shelf, and there is no separate middle shelf area. The shallow inner shelf between Punta Jorobado and Punta Brea is narrow and exposed to erosion by the sea, but the inner shelf between Punta Brea and Cayos de Cana Gorda is more protected. A line of emergent and submerged reefs separates the inner and outer shelf and acts as a baffle ( fig. 8) , producing an area of lower wave energy and, hence, increased and finer grain sized deposition on this part of the inner shelf, and there is no separate middle shelf area.
Figure 8. Inner and outer shelf at Guanica
The Bahia de Guanica estuary is an extension of the Guayanilla -Guanica submarine canyon. Trumbull and Garrison, 1973 It is a deep, narrow bay that is bounded by hills on its east and west ( fig. 9 ). The submarine canyon extends southeast across the insular slope. The canyon has been filled with sediments between the mouth of the bay and Corona La Laja reef. From the reef to the shelf edge, the canyon is 25 to 35 m deep. 
Sediments
Holocene deposits form a thin veneer over the late Pleistocene erosional surface. The shape and development of both the reef and the unconsolidated deposits have been strongly influenced by the morphology of this erosional surface, as well as by the duration of inundation, the availability of sediment, and the energy of the environment.
Texture mapping
Grain sizes of the unconsolidated sediments can be divided into six groups. They are sand, silty sand, sandy silt, clayey silt, silty clay, and a mixed sediment class ( fig. 10 ). More than two-thirds of the shelf is covered with sand-sized sediment or is bedrock with only pockets of thin sand deposition. The distribution and relative abundance of the textural groups are shown in figure 11. Silty sand forms the second most abundant size category. Silty sand is found on the middle and inner shelf at Parguera and on the outer and eastern part of Montalva and Guanica bays. Sediments of mixed grain size occur on the middle shelf around Cayo Enrique and westward toward Arrecife San Cristobal. Mixed grain size sediments are also found in Bahia Montalva, in the inner mangrove lagoons at Parguera, and in isolated patches in Bahia de Guanica.
Sandy silts were found in Bahia Montalva and on the inner shelf near Guanica and Carla Gorda. The clayey silt facies is primarily in Guanica and Montalva bays, although an area of fine-grained carbonate deposition occurs behind Arrecife Enmedio on the Parguera shelf. Except for isolated occurrences, the silty clay facies is limited to Bahia de Guanica, Bahia Fosforescente, and the inner mangrove channel near Parguera. 
Organic Carbon
Total organic carbon in the sediment was measured in two previous studies by Sawyer 1980 from samples taken along a line from Bahia Fosforescente to the shelf edge and by Zapata 1982 from samples taken along a line from the mangrove lagoon at La Parguera to south of Cayo Enrique ( fig. 12 ). The highest values (4 to 5 percent organic carbon by weight) were reported in the inner mangrove lagoon and Bahia Fosforescente. The values for the inner shelf samples ranged from 1.0 to 2.8 percent organic carbon. The outer shelf samples had values of only 0.3 to 0.9 percent). The data show little correlation with grain size. The highest organic-carbon content from the lagoon at Parguera and Bahia Fosforescente probably reflects both source materials and a lower energy environment in more protected waters.
Figure 12. Organic carbon
Sediments in much of the mapped area are more than 90 percent biogenic calcium carbonate due to the deposition of marine organisms. More protected nearshore areas, particularly those areas which receive more drainage from the land, have more terrigenous sediment and less biogenic calcium carbonate.
The Rio Loco is the only permanent drainage system bringing terrigenous sediment to the PargueraGuanica area. During periods of heavy rain, such as the typical 36-to 48-hour periods of 20-to 50-cm rainfall that are associated with hurricanes, terrigenous silts and clays are transported into the nearshore area by local runoff. From there, currents carry the material westward. 
Sediment Facies
Except for local variations, the sediment types are consistent from the Punta Cabo Rojo area to the west, Grove and Trumbull, 1978 through Bahia de Guayanilla, Morelock and others, 1980 and eastward to Ponce. Acevedo and others, 1989; Beach and Trumbull, 1981 Sedimentary facies have been distinguished as consolidated or unconsolidated. The unconsolidated sediments are differentiated by grain size, by percent calcium carbonate, and by constituent skeletal material in the carbonate sand fraction (Fig. 15) . Figure 15 . Facies occupy specific and contiguous geographic areas and reflect sedimentary environments Sediment facies are mapped in figures 16a and 16b. Living coral reefs that reach the surface, submerged reefs that crest below 4 m, and hardground areas form the major units of consolidated carbonate deposition ( fig. 17) . Pockets of sand do occur in these environments, but they are too small to map at this scale. Actively growing reefs were mapped as coral reef where the reef crest is at or near sea level and the forereef zone is developed ( fig. 18 ). These reefs have a sandy back-reef facies, patch reefs, and sparse cover of Thalassia. Reefs that are below 4 m of water depth, that have no crest, and that generally do not have an Acropora palmata zone were mapped as submerged reef.
Figure 18. Coral reefs
Areas of consolidated hard-rock bottom materials that have less than 8 percent living coral or scattered areas of patchy sand and coral were mapped as hardground ( fig. 19 ). Small patch reefs were included in these hardground areas because they were too small to map at this scale.
Figure 19. Hardground
The outer shelf was mapped as predominantly outer-shelf sand or hardground. The insular shelf-to-slope break is marked by an almost continuous line of submerged coral reefs that rise from a base level of 22 to 25 m to 16 to 18 m.
Unconsolidated sediments were mapped by grain size and percent calcium carbonate, and the sand was classified according to biogenic constituents. Ginsburg, 1956; Swinchatt, 1964; Lidz and others, 1985 The reef skeletal sands are restricted to reef aprons shoreward of the reef crest. These sands are distinguished by increased amounts of coral fragments in comparison with other sands. Transport of coral fragments in such abundance is known to be very limited Morelock and Koenig, 1967; Saunders, 1973 and, therefore, they must be of local origin.
The nearshore Halimeda facies Saunders, 1973 consists of sand to silty sand. Fragments of Halimeda sp. are dominant, although mollusk fragments are common.
The carbonate mud facies is restricted to the shelf shoreward of Enrique, Media Luna, Enmedio, and Romero reefs in the quiet water zone. Carbonate mud (the result of local biogenic production and erosion) is produced and deposited in this area of reduced wave energy. The sand-sized constituents of this mud facies differ in abundance from those of the three carbonate sands in that mollusk fragments dominate.
The outer shelf sands are a mixture of stained relict salt-and-pepper sands, gravelly sands, and modern biogenic sands composed of molluscan fragments, benthic foraminifers, and spicules. The outer shelf sands have much fewer Halimeda sp. compared to the other sand facies.
In general, mixed carbonate and terrigenous sediments are restricted to the nearshore areas at Parguera, and at Fosforescente, Montalva, and Guanica bays. The amount of terrigenous material on the shelf is related to source and mode of transportation; most of the coarser terrigenous sediments in a mixed environment may be relict. Morelock and Koenig, 1967 Most of the terrigenous component on the nearshore shelf at Parguera are clays and silts that have been introduced into the modern environment by wind transport or sheet runoff during floods ( fig. 20) .
Figure 20. Sheet runoff carrying terrigenous sediments
The carbonate sand and terrigenous mud facies was mapped in only a few areas, and probably results from low production of carbonate material. The carbonate and terrigenous mud facies fills much of Bahia Fosforescente and the inner mangrove channels at La Parguera. Their distribution marks the outer limit of appreciable transport of terrigenous silt and clay. The terrigenous mud facies is also very limited in areal extent. Here, more than 70 percent terrigenous clay and silt are accumulating in low-energy environments with limited export.
The pattern of Holocene sediment thickness is complex. Much of the Parguera shelf is blanketed by 4 to 6 m of carbonate sand and 6 to 15 m of consolidated carbonate sediment, but less than 4 m of Holocene deposits occur in the Guanica shelf except for the Guanica submarine canyon ( fig. 21 ). 
Seismic Lines
Seismic-reflection profiles (figs. 23) were obtained in 1980 using an Uniboom source and a multi-element hydrophone. Navigation during the survey was provided by radar ranging for offshore lines and by sextant 3-point solutions for the nearshore lines. For interpretation of thickness, sound velocity in the unconsolidated sediments was assumed to be the same as in water (1500 meters per second). All Holocene sediments were deposited on an erosional hardground surface.
Parguera line 14 crosses the western submerged crest of Arrecife Margarita. The reef is built over an erosional surface that has 2 to 3 m of local relief. Reef growth is 4 to 5 m in total, thickening seaward. The rough erosional surface on the inland side of Arrecife Margarita has been filled with more than 3 m of unconsolidated sands, which extend westward into the area described by Grove and Trumbull. 1978 An expanse of Holocene sand 2 to 3 m thick and hardground lies seaward of Arrecife Margarita. The shelfedge reef may have grown over an erosional rim, but the contact between older limestone and the reef cannot be determined from the seismic profile.
Figure 23. Seismic lines
Line 6 provides an east-west profile through the middle-shelf region. The erosional surface is relatively smooth in the west, although sediments of irregular thickness overlie it. The underlying sediment appears to have sound velocities close to those of seawater; there is no evidence of structural highs beneath the Holocene carbonaceous sand and silt. To the east, sediments thin as the erosional surface gradually becomes more shallow and irregular.
Line 12 begins landward of Arrecife Ahogada and continues seaward toward the shelf edge, transecting a number of reefs. The reefs over the 9-m terrace surface are generally 4 to 5 m thick, and 2 to 4 m of unconsolidated sediment have accumulated shoreward of each reef. Three to six m of sand lie over the middle shelf, but sand accumulates in thicknesses as much as 6 to 8 m on the outer shelf. The double reef ridge along the shelf edge is apparent; however, the amount of coral growth and the elevation of a possible karst rim cannot be determined from the seismic profile. The general morphology associated with these ridges suggests a complex history. The troughs in and between the reefs originally may have been drainage channels that first ran parallel to the rim escarpment of a single reef system, and theft out to the slope. The troughs created a series of discontinuous depressions in the margin reef and, eventually, a double-reef system that has been accentuated by subsequent Holocene reef growth.
Line 9 extends from the forereef of Arrecife Enmedio, across the submerged eastern part of Turrumote reef, and to a submerged reef south of Arrecife Turrumote. About 6 m of sediment lies between the Enmedio and Turrumote reefs, and 8 to 12 m of reef growth overlies the erosional surface. The presence of a large sinkhole in the underlying limestone supports the concept of karst erosion of the limestone during lower sea level.
Line 11 runs south from Punta Jorobado to the shelf edge. The line is near the onshore contact between the Cretaceous and Tertiary limestones that were exposed during the late Pleistocene erosion, and the line coincides with the difference between the Parguera and Guanica shelves. This profile shows a relatively smooth surface seaward, but the shoreward underlying limestone appears more deeply eroded. A small depression is seen landward of the shelf-edge reef, but there is no second, inner reef ridge like the one along the shelf-edge area farther west. About 6 to 8 m of sand has accumulated over the middle shelf area, and this sandy fill has reduced the overall relief of the erosional surface profiled on this line. Reef growth on the shelf margin appears to be only 2 to 3 m thick.
Line 72 runs from Bahia de Guanica to the shelf edge; it crosses the sediment-filled valley of the Guanica submarine canyon, then 1 to 3 m of hardground and sediment on the outer shelf. The canyon bottom is about 24 m below present sea level; it contains up to 12 m of sediment. This deposit was not cored, but the bedding suggests that part of the fill is fluvial sand. The underlying bedrock shows several previously filled channels that were part of the Guanica canyon system. The double ridge crossed on the outer shelf margin is difficult to interpret on this profile, but a short line shot 1 km to the east shows less than 1 m of reef buildup over the late Pleistocene erosional surface.
From the seismic data, it is clear that Holocene deposits form a thin veneer over the late Pleistocene erosional surface ( fig. 24) . The shape and development of the reefs and the deposition of unconsolidated sediments have been strongly influenced by the morphology of the surface, the duration of inundation, the availability of sediments, and the energy of the environment. The variation in the amount of relief under the reefs and that many of the reefs have grown upward from an almost flat terrain suggest that the reef thickness is actual constructional relief, and not an artifact of higher acoustic velocities. 
Summary
The southwestern shelf of Puerto Rico is underlain by Cretaceous, Tertiary, and Pleistocene limestones that can be traced on the seismic records to nearby exposed subaerial outcrops. These limestones are overlain by Holocene reefs and sediments. The surface of the limestone platform and the pattern of unconsolidated sedimentation have resulted from the erosion and deposition of the last glacial sea-level lowstand and the post-glacial sea-level rise. The entire shelf and upper slope were exposed to subaerial erosion from before 15,000 years until after 10,000 years ago, resulting in a karst topography similar to that of Honduras. Purdy, 1974a Purdy, , 1974b The erosional surface gradually deepens westward from 20 m below present sea level south of Punta Jorobado to 40 m below sea level at the southwestern edge of the study area. The marked difference in the surface morphologies of the Parguera and Guanica shelves is reflected on figure 1. Bathymetry of the late Pleistocene surface is less complex than the modern surface partly because of limited depth data for contouring. The modern surface reflects the differential growth of Holocene reefs, sea-level rise, and variations in sediment deposition. The shelf edge, as observed during diving surveys, has karst sink holes and slump blocks, and it is outlined by a submerged shelf-edge reef that is double in some places.
The Guanica shelf is much shallower than the Parguera shelf and may have been emergent longer, which explains why there is less modification by reef growth and sedimentation of the Guanica shelf. The narrowness of the shelf and higher wave energies over it have kept the modem bathymetry simple. The Guanica canyon cuts more than 40 m into the shelf edge, but shoals to 12 m at the entrance to Bahia de Guanica. The canyon has a smooth gradient from the shelf edge, through the bay, and to the mouth of the Rio Loco. On the shelf and in Bahia de Guanica, part of the canyon is buried by modern sediments. The canyon appears to have existed as a continuation of the Rio Loco during emergence.
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